Abstract The mysid Limnomysis benedeni, one of the most important ponto-caspian invaders, was found in Lake Constance (southern Germany) in 2006. As part of larger studies to evaluate the effects of L. benedeni on the ecosystem, we studied its life-cycle strategies over an entire seasonal cycle in intervals of 3-5 weeks, addressing factors (predation, temperature) which we expected to be most important triggers of the observed changes. The size class distribution and the reproductive pattern indicated that the life cycle of L. benedeni changes seasonally. During winter (November to March), the mysid invested energy in growth and delayed reproduction until April, when the population was dominated by adults. In summer (June to September), the adults reproduced at a smaller body size and the population was disproportionately dominated by juveniles. In a mesocosm experiment that excluded fish predators, the mysids followed the same seasonal patterns of growth and energy investment as in the field population, but the size class distribution differed. Even in summer, the population in the mesocosm was dominated by adults. Stomach analyses of fish showed that L. benedeni is preyed upon by juvenile Perca fluviatilis, which fed size selectively on larger mysids. In conclusion, our results suggest predation was the reason for the dominance of juveniles and the observed size class distribution in summer. In contrast, the smaller adults in summer were most likely a physiological adaptation, perhaps evolved to avoid predation or as a reaction on metabolic losses at higher temperatures.
Introduction
The life cycle of a species summarizes its various energy investments and presumably optimizes fitness. An animal has a limited amount of energy, and the allocation of this energy to growth or reproduction leads to different life-cycle strategies (Stearns, 1989) . Local and temporal variations in life cycles are influenced by differing or changing environmental conditions, in terms of both abiotic factors such as temperature and water chemistry, and biotic factors such as food availability, competition, and predation. To reliably describe a community and understand the functioning of aquatic ecosystems in general, it is necessary to start with gaining knowledge about the life cycle of the respective species. The sum of these findings allows you then, for example, to estimate the impact of invasions by alien species. Life cycles vary in timing of reproduction and maturation, rate of growth, and clutch size among others. Since these life-cycle characteristics can vary considerably within the range of a species, investigating field patterns of local population structure and life cycle is essential for describing the species (for a summary, see Begon et al., 1998; Krebs, 2001) .
The mysid Limnomysis benedeni Czerniavsky, 1882 is one of the most invasive mysids in Europe although little is known about the factors affecting its life cycle and life-cycle traits. It has been characterized as necto-benthic (Porter et al., 2008) and phytolithophilic (Dediu, 1966 ) with a preference for smaller particles (Gergs et al., 2008; Aßmann et al., 2009 ). This common invader originates in the brackish estuaries of the Black and Caspian Seas and has spread widely in Eastern and Central Europe since the early twentieth century; the large Rivers Danube and Rhine serving as invasion corridors (Bij De Vaate et al., 2002; Audzijonyte et al., 2009; Wittmann & Ariani, 2009 ).
The mysid was found for the first time in the eastern part of Lake Constance in 2006, near the influx of the river Rhine in Austria (Fritz et al., 2006) . Mysids can be a good food source for fish (Mauchline, 1982; Chigbu & Sibley, 1998; Lindén et al., 2003) , and like other mysids, L. benedeni was introduced to lakes in Northern and Eastern Europe in the early 20th century (Bacescu, 1954; Wonyáro-vich, 1955; Lasenby et al., 1986) to enhance fish production, although the expected benefit was not always realized (Langeland et al., 1991) . Nevertheless, L. benedeni is an important food source for the two Sander species in Lake Balaton, for instance (Specziár, 2005) .
The particular life cycle of different species within the crustacean order Mysida vary inter alia with climate regime (Wittmann, 1984) . Differences between species may be substantial, particularly in brood size (1-350 eggs/brood), generation time (a few weeks to 2 years), embryonic development time (a few days to several months) and pattern of reproduction (in cohorts or continuous) (e.g., Mauchline, 1980; Wittmann, 1984; Johnston et al., 1997) . In temperate areas, such as in Central and Eastern Europe, mysids usually reproduce in the warmer season, with two or more broods per reproduction period, and greater numbers of larvae per brood in spring (Mauchline, 1973; Mauchline, 1980; Wittmann, 1984) . This might also be true for L. benedeni, as indicated by initial findings in Lake Constance in spring and summer 2007 (Gergs et al., 2008) , in the River Rhine in both the Netherlands (Kelleher et al., 1999) and France (Wittmann & Ariani, 2000) , and in the Danube basin (Bacescu, 1954) . However, in all these studies, only one or two single samples were analysed, and sampling was not consistent over an entire seasonal cycle. Since no complete seasonal data set on the population is available, the year-round life cycle of L. benedeni is still unknown. Here, we combined field samplings and mesocosm experiments to obtain data on the life cycle of L. benedeni in Lake Constance, covering the entire seasonal cycle at a high temporal resolution. We also evaluated information about the factors that we expected could be responsible for the patterns observed (predation and temperature).
Methods

Field sampling
We chose as the study site the location where L. benedeni was first found in Lake Constance in summer 2006 (Fritz et al., 2006) because we expected the most stable population there. The study ran from October 2007 until November 2008, with sampling intervals of 3-5 weeks. Because of the higher water temperature in summer, we sampled more frequently then. The substratum at the sampling site is very homogeneous with stones and rocks along ca. 900 m shoreline. We collected L. benedeni at about 0.5 m depth by kick sampling (mesh size 200 lm) and measured body size, brood size and stage composition (juvenile, female ore male). The mysids were immediately fixed in 96% ethanol in the field. 5 additional breeding females were caught on 9 July 2008 and 9 October 2008 to be able to calculate an average for the brood size.
Water temperature was recorded on every sampling date from 8 October 2007 to 6 November 2008 (MultiLine F/SET-3, WTW, Weilheim, Germany). The presence and estimated age of any perch in spring and summer was verified by snorkeling. For this, an area of 15 9 5 m was observed and schools of perch were assigned as present or not.
Mesocosm
The outdoor mesocosm is located in Konstanz, close to the Limnological Institute. It consists of a concrete basin (1 9 1 m, 60 cm water depth, 600 l) with a flow-through of filtered (200 lm) lake water (*1.5 l/min). Stones from the nearby littoral zone of the same size as found at our field site (4-10 cm) served as a substratum. We collected the stones in May 2008 and cleaned them with a hard water jet to remove possible predators. On 29 May 2008, we added to the mesocosm 500 L. benedeni originating from our field sampling site in Austria. This number is comparable to field abundances (A. J. Hanselmann, unpublished data). On 4 August and 10 October 2008, we collected the mysids by kick sampling, and measured body size and stage composition (see above). Algae and biofilm were seen on the substrate every time and the constant water flow from the lake (lake seston \ 200 lm) provided additional food. Supported by a quick check of the gut fullness of some mysids (for methods see Gergs et al., 2008) , we concluded that no food limitation or crowding occurred in the mesocosm.
Laboratory analyses
We measured the body size of the sampled mysids using a measurement program developed by the electronic facilities of the University of Konstanz (G. Heine). Individuals were photographed under a stereomicroscope with an attached fire-wire camera (The Imaging Source, Bremen, Germany) connected to a computer, and directly measured. The body size was the mean of three measurements from the top of the rostrum to the end of the telson, excluding spines (e.g. Schleuter et al., 1998) . The animals were arranged according to length classes (class width 0.5 mm). We distinguished three groups in the population: juveniles, adult females, and adult males. Juveniles and adults were separated not by size but rather by indicative morphological features. Adult males were recognized by the remarkably longer 4th pleopod. Females carrying offspring were recognized by their marsupium (brood pouch), and females without offspring were recognized by the oostegites (lamellae at the ventral end of the thorax, which form the brood pouch) or the normal 4th pleopod (Mauchline, 1980) . We also counted the brood size of the females. The ash-free dry mass (AFDM) of nonpreserved eggs was determined by drying at 105°C for 24 h, followed by combustion at 550°C for 8 h. AFDM of the females was calculated with the equation from Gergs et al. (2008) .
Analysis of perch stomachs
To investigate the predation of perch (Perca fluviatilis L.) on L. benedeni in the field, we collected young 0? perch at our sampling site with a beach seine (mesh width 5 mm) on 29 July 2009. The fish were stored on ice for transportation (max. 2 h) and the stomach was removed in the laboratory immediately and preserved in 96% ethanol. The wet weight of the fish and the total length was noted. By means of a stereomicroscope, the stomach contents were analyzed. It was noted if the stomachs contained L. benedeni and ingested L. benedeni were separated into two classes, juveniles \ 5.0 mm and adults [ 5.0 mm. At the same date, we collected and measured L. benedeni as described above and classified them the same way as the animals in the stomachs.
Statistical analyses
All statistical analyses were made using R (R Development Core Team, 2008) . Before calculating any statistical test, we checked for homogenous variances.
In all calculated ANCOVAs, the body size was the dependent variable and the date the co-variable. To analyze the differences in the adult body size between the two generations (summer and winter), we calculated a two-way ANCOVA after transforming the data with 1/x. The independent variable was the generation. In addition, each temporal development of adult body size in winter and summer was calculated with a one-way ANCOVA including correlation coeffients. Differences between the length of males and females were determined with two-way ANCOVA; the independent variable was the sex. Seasonal characteristics were determined with oneway ANCOVAs including correlation coeffients for each sex. A t test was used to compare brood sizes in spring and summer: to accordance of the mean body size in the mesocosm and the field was tested with a Mann-Whitney U test owing to significant variances. The Mann-Whitney U test was also used to examine the differences between the proportion of body mass and egg mass on the total female biomass of the winter and summer females. The proportions of large L. benedeni in the field and in the fish stomachs were compared using the z ratio for the significance of the difference between two independent proportions. To compare the mean size of the perch eaten small ore large mysids, a t test was calculated.
Results
Field observations
The temperature at the sampling site at 0.5 m depth ( Fig. 1) varied greatly over the year. The highest temperature (22.9°C) was at the end of July, and the lowest temperature (5.0°C) was in January and February. The weather on the sampling dates was always fair with calm waves, except for 9 March, 2008 when strong winds and waves prevailed. From July until September 2008, we found perch (0?) in the littoral zone (Fig. 1) . No other fish species was recognized. In July, the perch were smaller but more abundant than in September, when the largest perch were present.
Population characteristics in the field
The stage and size class composition of the L. benedeni population changed during the year (Fig. 2) . In the winter half year, from November until the end of April, the mean body size of all individuals increased, and in late winter and spring, adults dominated (percent composition of adults in March = 96%). The first juveniles were observed at the end of May (Fig. 2) . After that the juveniles began to dominate. During summer, juveniles dominated the population, and the entire length distribution was skewed toward smaller individuals (percent composition of juveniles at the end of July = 92%). Only few animals reached sexual maturity. In November, the adults dominated again (percent composition of adults = 76%). The sex ratio in 24 April and 28 May is more in favor of females compared to the other samplings.
The body size of the three smallest juveniles showed little variation and did not vary between winter (1.65 ± 0.14 mm in May) and summer (1.72 ± 0.14 mm) generations. In contrast, adult body size varied markedly between the generations ( Fig. 3 ; Table 1 , date 9 generation: P \ 0.001). In winter, the body size increased as the season advanced (Table 1, date: P \ 0.001, coef is positive). The mean body size in spring (24 April, 2008) was 9.0 ± 0.1 mm (females 9.1 ± 0.8 mm, males 8.6 ± 0.1 mm). During summer, the adult mean length did not vary between the sampling dates (Table 1, date: P = 0.176). The mean body size was 6.1 ± 0.2 mm (females 5.9 ± 0.3 mm, males 6.4 ± 0.6 mm). In autumn, the adults grew larger again. The maximum body size in summer (8.5 mm, observed in 18 June, 2008) was lower than the maximum body size in winter/spring (11.4 mm, observed in 24 April, 2008) .
The size at maturity differed between spring (adults from winter half year) and summer (Fig. 4C) . In the size class between 5.0 and 5.5 mm from October to April, 0-33% of the animals were adult females or males; from May to September, all animals (100%) of this size class were adults (Fig. 4C) . For further calculations, we therefore defined as juveniles all animals B5.5 mm in body size during the winter period, and B5.0 mm during the summer period.
The proportion of egg-carrying females (% of all adult females) changed with the season (Fig. 4A) . No broods were found during winter until March. In April and May, when the animals from winter were breeding, nearly all females were carrying a brood. The proportion decreased in June, was apparently zero in late July, and increased again in August. The very low sample sizes of adults in July may have made it difficult to detect any gravid females. Reproduction stopped in late October; the last breeding females were observed on 9 October 2008. The significant difference in brood size with season (t test, P \ 0.001) paralleled the difference in female mean length between summer and winter: spring females carried 20.5 ± 1.1 eggs/gravid female on average while summer females carried 6.9 ± 0.9 eggs/gravid female (Fig. 4A) . The mean proportion of the eggs on the total biomass of the breeding females (Fig. 4B ) was 23.6 ± 5.8%. No differences between the winter females (22.8 ± 1.4%) and the summer females (24.3 ± 6.8%) could be found (U test P = 0.548).
The life-cycle characteristics of adult males and females differed in some respects ( Fig. 3; Table 2 ). During winter, all adults increased in size (Table 2, date: p \ 0.001 each, coef is positive), but the females increased in size more than the males (Table 2 , date 9 sex: P \ 0.001) as indicated by correlation coefficients (Table 2 ). In summer, males and females again differed in body length (Table 2, date 9 sex: P = 0.011). The females did not increase in length (Table 2 , date: P = 0.671), whereas the males did (Table 2, date: P = 0.006). This difference, however, arose only from the data of the last sampling of males in October 2008. The same ANCOVA calculated without this date was not significant (date 9 sex: P = 0.96), so the mean length of the adults did not change during summer (Table 2) .
Mesocosm data
The size structure of the mesocosm population differed from the size structure of the field population (Fig. 5) , measured on the same dates. In contrast to the field population, no length class dominated clearly in the mesocosm population in August. The length Hydrobiologia (2011) 673:193-204 197 classes were distributed in a bell-shaped manner (Fig. 5) . In October, at the end of the reproduction period, most individuals were of adult size. However, the adult mean body size did not differ from the field data (U test, P \ 0.001). In the mesocosm, the body size on 4 August 2008 was 5.5 ± 0.3 mm (males 5.5 ± 0.4 mm, females 5.4 ± 0.3 mm), and on 10
October 2008 it was 6.2 ± 0.4 mm (males 6.4 ± 0.3 mm, females 6.1 ± 0.3 mm).
Stomach analysis of perch
The mean standard length of the perch captured with the beach seine was 6.1 ± 0.5 cm, the mean wet weight 2.4 ± 0.6 g. The population of L. benedeni at the same time showed an equal size distribution as in the year before (Fig. 2) . In comparison with the available population of L. benedeni, the perch clearly preferred the larger mysids (Fig. 6 ). The proportion of large mysids in the field population was 0.0815 (15 individuals out of 184 in the sample). A total of 139 perch were caught. 118 of these fishes had mysids in their stomachs, indicating that L. benedeni was used as a food item by most fish (85%). 38 fish had ingested only small mysids; 51 fish had ingested both small and large mysids; 29 fish had ingested only large mysids. These numbers show that large mysids were found disproportionally more frequent in the perch stomachs. Even a very conservative assessment, considering only the 29 perch that had exclusively ingested large mysids, indicates that this number is exceedingly high; the proportion of large L. benedeni in the fish stomachs was significantly higher than the proportion of large L. benedeni in the field sample (z ratio, P \ 0.01). No significant difference was found between the size of the fish fed on small or on large mysids (t test, P = 0.84).
Discussion
During a 1-year period, the population of L. benedeni in Lake Constance underwent substantial changes in their life-cycle characteristics (maximal body size, stage composition, reproductive activity, clutch size, energy investment). These differences allowed us to separate the adults into two groups, which reflect the two life-cycle strategies of the species: the ''winter generation'', which lacks eggs from November to March and reproduces from March to May, and the ''summer generation'', which reproduces continuously from June to October. As clearly shown by our data, L. benedeni reproduces not in cohorts. Therefore it is important to note that here in this context a generation is a group of animals of unspecific age and different life stages and not a cohort.
We can summarize two important and newly described phenomena in the life cycle of L. benedeni. First, the adults in summer in the field are underrepresented in comparison with the predation-less mesocosm population, suggesting that they suffered huge mortality, and that only a small proportion of L. benedeni reproduced in the field. Second, the summer generation reached a smaller size at maturity compared to the winter generation and had a smaller brood size in accordance with a smaller body size, leading to a different life-cycle pattern. In the following, we explain these two different phenomena.
All considerations and conclusions on the life cycle of Limnomysis benedeni depend on the assumption that our samples are representative of the population. We think that there is good evidence for the representativeness of our samples. At our sampling site, the bank is very homogeneously covered with gravel and rocks and there is, as a matter of fact, no choice of different substrate types. Quantitative benthic invertebrate samplings at comparable sites in the littoral zone of Lake Constance indicated very similar size distributions of L. benedeni in various sampling depths (0.5-5 m; C. Fiek, personal communication). Despite the rareness of mature animals in summer (Fig. 4) , the remaining number of adults can account for the maintenance of the population (A. J. Hanselmann, unpublished data), without a need for immigration to sustain the local population.
Life-cycle characteristics
Winter generation
In winter and early spring (November 2007 -April 2008 , the mysids invested their energy in increasing their body size and not in reproduction (Fig. 4B) , until the end of this period in April, when the winter generation developed a large brood (Fig. 4A) . The stronger length development of females in winter probably prepares the individual for a larger reproduction success. The benefit of a larger size in spring Fig. 4 A Dots Brood size as the mean (±SD) of all breeding females per sampling date, separated into spring (white) and summer (black) breeding females. Bars proportion (%) of breeding females among all females. Numbers are the sum of all females in the sample. B Proportion (%) of egg mass on the total female biomass (mean of all gravid females). Numbers are the sum of breeding females in the sample. C Proportion (%) of mysids between 5.0 and 5.5 mm classified as adult males or females. After a proportion of 50% were identified as adults, the mysids were considered as belonging to the summer generation. Numbers indicate all individuals in this length class is greater for females than for males; with a larger marsupium they can produce larger broods and larger animals also accumulate larger energy reserves that can be converted to eggs (Gorokhova & Hansson, 2000; Atkinson & Hirst, 2007) . In a previous study, Gergs et al. (2008) showed that in L. benedeni, the clutch size correlates well with the length of the female. As already described in this previous study, the sex ratio also changed in spring (Fig. 2 ) and the females dominated in April. Gergs et al. (2008) assumed that the females live longer and so have the chance to grow larger. By the end of May (2008), all mysids from the winter generation ''disappeared'' (Fig. 2) . ''Disappearing'' means that the number of the large adults decreased markedly from April until June. We hypothesize that these adults die, either of natural senescence or predation. Migration into deeper water or the pelagic zone could also be an occurring (Boscarino et al., 2009 ), but in our opinion an improbable explanation, because L. benedeni has not been described as pelagic (Wonyárovich, 1955; Dediu, 1966) . In addition, no observations of migration into deeper water were available, and we never found any large adults during the summer that had potentially drifted upwards by waves (Rinke et al., 2009) .
Summer generation
The first juveniles from May ( Fig. 2) reached sexual maturity in about 1 month and produced their first brood in June. The adult summer individuals showed different characteristics compared to the winter adults. Their length at maturity was smaller (Fig. 4C) , a pattern also known from other species (Hilton et al., 2002) . In addition, they did not reach the length of the adults in April (Fig. 3) . Since the proportion of biomass that entered egg production was comparable to that of adults in April, their brood size was only one third of that of the winter generation. The females with brood invest in somatic growth about 75% of their energy budget (Fig. 4B) , which is one fourth less than females without a brood. They continuously reproduced, developed several broods until October 2008, and therefore it was not possible to follow discrete peaks of the length histogram. Wittmann (1984) predicted such a pattern for mysids in the Middle European climate zone. During their reproduction period, the length distribution was clearly affected by mortality, as shown by comparing the field and mesocosm populations (Fig. 5) . Despite the fact that during summer only few animals reached maturity in the field (Fig. 4) , the remaining number of adults can well account for the number of juveniles. This was indicated by calculation of birth rate using temperature dependent egg development times (A. J. Hanselmann, unpublished data). With a larger sample size, the propability to find some gravid females will increase in summer. None of the previous studies with L. benedeni described the seasonal changes in life cycle or has a comparable time resolution of the field data. Nevertheless, when we include the single samples from these previous studies (Table 3 ; Bacescu, 1954; Kelleher et al., 1999; Wittmann & Ariani, 2000; Gergs et al., 2008) , they follow well the patterns we describe here, but they lack a long-term dataset. The females of most mysid species grow larger than the males, but L. benedeni is said to show a reverse pattern (Mauchline, 1980; Wittmann, 2002) . Our data support this only in part, because we could show that the length proportions changed with the season. Only during summer time the males had a larger mean body size, in winter it reversed and the females grew larger. The impression of the previous studies that the males were larger, could have arisen from their larger range of body sizes and the according larger size maximum; the standard deviations from the females body size seems to be smaller (Fig. 3) . It becomes apparent, that the patterns described here, are an attribute of the whole species, and not only of the population in Lake Constance. Therefore, the adult mysids change their energy allocation, spending their available energy on growth during winter and on reproduction in summer. (2011) 673:193-204 201 Mortality of adults in the field Our data show that perch prey size-selectively on large mysids, suggesting that fish predation causes high adult mortality. The stomach analyses of young perch in summer 2009 verified this hypothesis and showed that the larger L. benedeni undergo a size selective predation pressure. In general, young perch are dominant in the littoral of Lake Constance in summer, but not present in winter (Wang & Eckmann, 1994; Imbrock et al., 1996) and no other fish species could be observed during our study. The perch might prefer the larger prey because they are visual hunters (Thorpe, 1977; Schleuter & Eckmann, 2006) . The gape height of young perch with about 5 mm (perch of 62 mm, Guma'a, 1978) was large enough to feed on adult L. benedeni and perch are known to feed well on other mysids (Mauchline, 1982; Borcherding et al., 2007) . The smaller adult body size of L. benedeni in summer was not caused by size-selective predation as a direct mortality factor. In the mesocosm, where no fish were present, the length of the mysids remained as small as in the field with the same small size at maturity. Therefore we hypothesize that the differences to the winter generation are physiological adaptations by the mysids (Atkinson & Hirst, 2007) . Either water temperature or the photoperiod could be responsible (proximate) triggers. The ultimate factor could be predation by fish (Woodward & Warren, 2007 ). An alternative hypothesis is that smaller sizes at higher temperatures result from increasing metabolism and therefore respiration losses. In other species, mainly Crustaceans, the age and/or size at maturity decreased with higher temperatures (Brown et al., 2004) . In addition, it is a common phenomenon that colder environments result in larger body size (Wolfinbarger, 1999; Fockedey et al., 2005) .
We conclude that predation is the reason for the dominance of the juveniles and the shifted length distribution in summer, but not for the shorter mean and maximum lengths of adults, their associated smaller clutch size or their smaller size at maturity. These are physiological adaptations, perhaps evolved to avoid negative effects of predation or as adaptions to unfavorable high temperature conditions with higher respiration loss. Also, the actual trigger for this life-cycle shift is not yet known and needs further investigations.
